The ability to control blood vessel assembly in polymer scaffolds is important for clinical success in tissue engineering. A mathematical and computational representation of the relationship between scaffold properties and neovascularization may provide a better understanding of the fundamental process itself and help guide the design of new therapeutic approaches. This article proposes a multilayered, multiagent framework to model sprouting angiogenesis in porous scaffolds and examines the impact of pore structure on vessel invasion and network structure. We have defined the speed of vessel sprouting in the agent-based model based on in vivo results in the absence of a polymer scaffold. A number of cases were run to investigate the effect of scaffold pore size on angiogenesis. The simulation results indicate that the rate of scaffold vascularization increases with pore size. Pores of larger size (160-270 mm) support rapid and extensive angiogenesis throughout the scaffold. Model predictions were compared to experimental results of vascularization in porous poly(ethylene glycol) hydrogels to validate the results. This model can be used to provide insight into optimal scaffold properties that support vascularization of engineered tissues.
Introduction
N eovascularization, the process of new blood vessel formation, is an important aspect of tissue engineering. This complex process involves several steps and stages, soluble and insoluble cues, and various cell types. 1 Sprouting angiogenesis, the formation of new blood vessels from existing blood vessels, is the primary mechanism of neovascularization in adults. 2 Angiogenesis is critical to the field of tissue engineering [3] [4] [5] as formation of large volumes of tissues will not be successful unless a healthy blood vessel network can form rapidly enough to provide the newly formed tissues with nutrients, oxygen, and other factors required for proper function. 6 Various research groups are studying neovascularization in synthetic scaffolds to better understand the process [7] [8] [9] [10] and to guide the design of improved tissue engineering strategies.
Studies in the field of tissue engineering 11 have revealed that properties of polymer scaffolds have a strong influence on cell behavior. 12 Scaffold properties such as pore structure, ligand density, and crosslink density influence the chemical and mechanical cues sensed by cells and can induce activation of different intracellular pathways, regulating cell behavior and resultant tissue formation. The speed and structure of vessel network assembly has been shown to depend on chemical, physical, and mechanical properties of the polymer scaffold. 13 Therefore, these properties need to be considered when designing engineered tissues.
14 This requires optimization of a large number of factors 15, 16 that are challenging to consider and optimize in experimental studies.
One difficulty in performing such experiments is that the various scaffold properties are not independent, and changing one property may necessarily accompany other changes. 13 An attractive solution for overcoming such difficulties is the use of computational models as a guide. Mathematical and computational models would enable researchers to study these factors in a controlled manner. Use of computer simulations can help avoid trial-and-error experiments and therefore save significant time and cost. One promising benefit of using such models is the feasibility of testing combinations of scaffold properties that are difficult to decouple experimentally. Computational studies enable tissue engineering researchers to narrow down the scaffold properties for a particular application using in silico experiments. The results obtained from these models could be utilized to guide the design of biomaterials with optimized properties for a specific application and investigate the accuracy of predictions with a more limited number of experiments. 17 Mathematical and computational modeling of angiogenesis dates back to the 1980s, initially as simple one-dimensional (1D) models. [18] [19] [20] More detailed 2D models utilized partial differential equations to describe angiogenesis. [21] [22] [23] [24] [25] These models produced more realistic representations of the angiogenic behaviors and were able to mimic the spatio-temporal distribution of the newly formed capillaries in tissue. In a number of recent studies, researchers have employed techniques of cellular automata and agent-based modeling [26] [27] [28] [29] in simulating angiogenesis. These techniques permit observing the cells, or groups of cells, as independent, separate entities that can act in their environment and interact with neighboring cells to generate higher-level emergent tissue or organ level behaviors as a result of these cellular level actions and interactions.
One challenge in the design of porous scaffold structures is to identify the role of pore size on vascularization after implantation. Previous mathematical models of angiogenesis consider primarily the effect of soluble factors in the environment. We have developed an agent-based model for the investigation of the relationship between pore size and the rate of angiogenesis.
Methods
In the present study, a multilayered agent-based model is presented that simulates sprouting angiogenesis within porous scaffolds. The framework is implemented in Java and uses the open source agent modeling and simulation environment, Recursive Porous Agent Simulation Toolkit (Repast). 30 The Repast toolkit is a Java-based framework for agent simulation and provides features such as an event scheduler and visualization tools. The agents created interact with a virtual representation of the physical environment.
Agent-based model
The model developed incorporates rules that govern the behavior of sprouting vessels. Figure 1 shows an illustrative set of time-driven rules of the system and the main model parameters. Capillary segments are represented by agents that can undertake various actions, including elongation, sprouting/branching, and anastomosis, either based on conditions in the environment (event-driven actions) or randomly based on time intervals (time-driven random actions). Each blood vessel segment can be activated and transformed into a tip cell based on the presence of soluble factors, leading to elongation/proliferation or branch formation. A tip cell can grow and elongate until it reaches a maximum allowable length, defined as 16 mm in the present study. At this point, a new tip cell is generated to continue sprout elongation in the direction of the highest growth factor (GF) concentration gradient, whereas the previous tip cell changes its phenotype to normal (or stalk) blood vessel segment. If a stalk segment is activated into a tip cell, then branch formation will happen, resulting in a new vessel sprout. As a result, the blood vessels are able to change their direction via proliferation and generation of new segments or by branching. After a tip cell proliferates, the newly generated tip cell has several options, including elongation, proliferation, generation of new sprouts (branching), or inosculating with other blood vessels based on the distance to other vessel segments (anastomosis).
An adapted version of the A* search algorithm 31 was developed and used for tip cell pathfinding. This algorithm enables the tip cells to search their environment and to avoid collisions with the scaffold. It also enables the selection of the location with the lowest cost by an activated tip cell among all the possible neighboring locations. This cost is determined using the value of the GF gradient. Basically, the cost is inversely proportional to the magnitude of the gradient. However, if the candidate location happens to be part of the scaffold, then a cell cannot move to that location. In this adapted version of the algorithm, we do not compute the whole path for a tip cell from the beginning of its migration route to the end a priori. The algorithm determines the cell's path for one time step and recomputes the cell direction at each time step based on new information generated by the simulation. This adaptation saves significant computation resources without reducing the efficiency of the algorithm as one tip cell will not be able to follow the whole path due to proliferation and the randomness embedded in it.
The probability of branching increases as GF concentration increases. This phenomenon, referred to as the brush-border effect 20, [32] [33] [34] is visible in experimental assays. The probabilities used to capture the brush-border effect in our model are based on the ratio of GF concentration relative to the highest GF concentration ( Table 1) .
The scaffold is assumed to have circular pores of equal size. The pore layouts used in simulations are shown in Figure 2 . The diameter of the spherical pores ranged from 40 to 270 mm. In all simulation runs, it is assumed that the concentration and distribution of cell adhesion sites are uniform within the scaffold. Black regions in Figure 2 represent pores, whereas white sections represent the scaffold structure. Vessel networks grow within the pores and the scaffold acts as a steric hindrance to vessel invasion. It is assumed that the scaffold is not degradable under the time scales considered in this study (i.e., vascularization occurs before any change in pore structure).
GFs are present in all scaffold conditions and drive vessel invasion into the scaffold. The GF concentration profile is given by Equation (1), where concentration (C GF ) is only a function of location in the y direction. Y max is the maximum concentration location, chosen to be the center of the scaffold (middle of the two existing blood vessels), and e is a small positive number to make the concentration at the initial locations greater than zero, so that the sensed value would be positive and sprouting can be initiated.
The concentration profile is assumed to stay constant throughout the simulation, which reflects a steady-state diffusion situation. At the start of each run, a small random change of £ 0.01% of the concentration of GF at each point is introduced in the values of C GF to ensure stochastic behaviour.
The space is located on an 800 · 800 mm grid, which is used to store spatial properties of the substrate and all soluble compounds. The grid is considered to be located in the first quadrant of the coordinate system. In each run, we initially place two main blood vessels: one located at y = 100 and the other at y = 700 (Fig. 3) . These vessels represent the host vasculature, with the scaffold implanted between them. In this model the implanted materials are vascularized via sprouting angiogenesis from the surrounding host vasculature. The agents, representing segments of capillaries, have an initial speed when they are first generated. This speed varies based on the local availability of scaffold ligands, 2134 ARTEL ET AL.
based on the natural logarithm of the number of ligands in its immediate neighborhood.
Experimental studies
Porous poly(ethylene glycol) (PEG) hydrogels with mean pore sizes of 41, 82, and 135 mm were synthesized as described previously.
14 PEG diacrylate (PEG-DA molecular weight *3400) was synthesized, and the acrylation efficiency quantified based on 1 H NMR. 35 PEG-DA (250 mg) was dissolved in 1 mL of saturated salt (NaCl) water. The solution was centrifuged to remove any precipitated salt, and the transparent top layer collected as a hydrogel precursor. One hundred milligrams of sieved salt crystals with size ranges of 150-100, 100-50, and 50-25 mm (mean pore sizes of 41, 82, and 135 mm, respectively) was added to 200 mL of the precursor containing 10 mg/mL of an acrylated cell adhesion peptide (arginine-glycine-aspartic acid, RGD). 
AN AGENT-BASED MODEL OF NEOVASCULARIZATION WITHIN POROUS SCAFFOLDS
This acryl-PEG-RGD was prepared using standard methods. 14 The precursors were centrifuged and irradiated under UV for 5 min. The resulting hydrogels were incubated with deionized water, which was changed every 2 h for 8 h. The hydrogels were cut into disk shapes with a height of 2 mm and a diameter of 50 mm.
All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at Chang Gung Memorial Hospital.
14 Sprague Dawley rats (weight = 195 -8 g, n = 5) were anesthetized; their back was shaved and skin scrubbed with isopropyl alcohol followed by a povidoneiodine antiseptic solution. The hydrogel was implanted in a pocket between the fascia and muscle created using dissection scissors. The incision was closed by nylon suture. The rats were housed in individual cases, and the implants harvested at 7, 14, and 21 days. Harvested tissues included the entire hydrogel and the surrounding muscle, which was divided in half, placed in 10% formaldehyde, paraffin embedded, and serially sectioned (5 mm thickness) for immunohistochemical analysis. Specimens were stained for Masson's trichome. Tissue sections were digitally imaged (0.17 mm/pixel, 20 · objective) using an Axiovert 200 inverted microscope. Vessels within the porous hydrogels were identified based on standard histological criteria and the greatest invasion distance into the hydrogels from the tissue-material interface quantified.
Statistical analysis of experimental results
Experimental data are presented as means -standard deviations. Significant differences between groups of data were determined by analysis of variance with Holm-Sidak post-test. In all cases, p < 0.05 was considered statistically significant.
Results
Our previous experimental studies 36 examined angiogenesis into fibrin gels, which is an approximation of our control conditions in which a scaffold is not present and vascularization occurs via normal healing mechanisms. Based on the previous studies, the speed of vessel invasion was determined to be *170 mm per week, which was used to convert the simulation time ticks for the control case to real time. Based on these results the mean time for vascularization of the control gels was 12 days. This speed of vessel movement was used in all subsequent conversions from time ticks to real time. 
FIG. 3.
Layout and coordinates of the initial host blood vessels at time = 0, located at y = 100 mm and y = 700 mm.
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Effect of pore size on angiogenesis
To investigate the effect of scaffold pore size on angiogenesis, simulations have been conducted with different pore sizes. These pores represent areas in the scaffold where sprouts and tissue can invade. Figure 4 shows the average results for 100 runs and their standard errors of the mean for each of the investigated cases. Figure 4 shows the speed of invasion of the vessels and blood vessel density as a function of pore size. Figure 4A displays the number of days to reach the scaffold center in each case, whereas Figure 4B illustrates the number of sprouts after 15 days. The shortest times to reach the scaffold center are 12 and 14.3 days in the control and the pore size 270 mm cases, respectively. In contrast, pore size 40 mm case requires the longest time, taking more than 40 days for the blood vessels to reach the scaffold center (Fig.  4A) . The general trend is that the time required to reach the scaffold center increases as the pore size decreases.
After 15 days from the start of simulation, the control case has the highest capillary density (defined as total number of vessels within the scaffold) with 1239 sprouts, and the lowest density is observed in pore size 40 mm case, where a mean of 103 sprouts have been formed (Fig. 4B) . The number of sprouts on the 15th day is shown in Figure 4B . At this time the blood vessels have approached the scaffold center in most cases and it is possible to comment on the density of the newly formed blood vessel network. In general, the number of sprouts decreases as the pore size is decreased. We have examined only one filled pore condition, with the biggest pore size case of 270 mm. This case examines how limiting the available surface to a small area close to the pore surface affects angiogenesis. This is an example how the model can be modified to approximate cell culture conditions, where cells must adhere to the biomaterials to form sprouts versus in vivo conditions where sprouts grow throughout the pores. Figure 5 shows snapshots of scaffolds after 1, 2, 3, and 4 weeks from the start of the simulation. The results of the control case show formation of a branching vascular network from the host vessels that resembles 2D snapshots of blood vessel networks formed in in vivo angiogenesis experiments in 2D models. 37 The new sprouts from the two host blood vessels reach the center of the scaffold after *12 days, and then form connections (i.e., inosculate) with the sprouts growing from the other side in less than 16 days (Fig. 5A-D) . Formation of these connections, as well as inosculation of branches growing from one host blood vessel, is an essential step in angiogenesis and is necessary for the establishment of blood flow in the newly developed vasculature.
The 40-mm-diameter pore size case ( Fig. 2A) represents the smallest pore size investigated. In this case, angiogenesis occurs slowly as it takes an average of 41 days to reach the center of the scaffold and the number of generated sprouts is 103 (Fig. 4B) , which is the lowest among all other cases. Due to severe limitation in the availability of space for tip cell migration, many of the branches stop growing and in 8 out of 100 example runs, the capillaries completely stop and never reach the scaffold center (Fig. 5Q-T) . These examples were not considered in calculating the average time for reaching the center of scaffold. The range of the time to reach the scaffold center in this case is very high compared to other cases, starting from as low as 15 days and reaching an order of magnitude higher (150 days) and hence yielding a standard errors of the mean of 2.8 (Fig. 4A) .
In the 75-mm-diameter pore size case (Fig. 2B) it takes an average of 26.4 days for the blood vessels to reach the center of the scaffold (Fig. 4A) . Although this time is relatively high, it shows a great improvement compared to the pore size 40 mm and implies that the speed of angiogenesis increases with pore size even with relatively small pores. Similar improvement compared to 40 mm case is observed in the number of sprouts after 15 days, as displayed by an increase from 103 sprouts in pore size 40 mm to 190 (*90% increase) in pore size 75 mm (Fig. 4B) . The results, however, suggest that although the pore size 75 mm shows some improvement compared to pore size 40 mm, angiogenesis is still slow and the density of the capillaries is very low.
The results of 160 mm pore size case (Fig. 2D) confirm the general observation that increasing the pore size increases the speed of angiogenesis and the number of sprouts (Fig. 4) . The example run pictures (Fig. 5I-L ) indicate successful angiogenesis, in which the pores are filled with the capillary networks and a great improvement is observed compared to the smaller pore size case of 40 mm (Fig. 5Q-T) . The 270-mmdiameter pore size case (Fig. 2E ) yields times to reach the scaffold center comparable to the control (12 days in control vs. 14.3 days for 270 mm), but the total number of sprouts is much lower (386 compared to 1239 in the control), which indicates that angiogenesis occurs rapidly in large pore size cases, but the properties of the network degrades relative to the fibrin control case in which the scaffold is absent (Fig. 4) .
The filled 270-mm-diameter pore size case (Fig. 2F ) resembles in vitro conditions where vascular growth is limited to a thin region near the surface of the scaffold. In this case the vessels adhere to the surface of the material and are not allowed to grow in the larger pore space. On average, this case needs 23.6 days to reach the scaffold center, which indicates very slow angiogenesis and the total number of sprouts is very low (Fig.  4B) . In 5 of 100 example runs in this case, the capillaries completely stop and never reach the scaffold center.
Comparison of model predictions and experimental results
We performed simulation runs for 3 different pore sizes (135, 82, and 41 mm), corresponding to average pore size of the hydrogel generated using our salt leaching methods. Experimental (in vivo) results of vascularization at 1, 2, and 3 weeks 
2138
were compared with the simulation to illustrate the predictive performance of the model (Fig. 6 ). There is a good agreement between the experimental and computational results, and model accuracy increases as the pore size increases. In the smallest pore size, the experimental (in vivo) results show much slower angiogenesis than the simulation results. This effect diminishes as the pore size increases, resulting in a better agreement between simulation and experimental results. Figure 7 shows an example histological stain indicating the presence of vessels within the pores of the hydrogels. Consistent with our modeling approach, the vessels grow within the pores and are not limited to growth on the surface of the hydrogel. There is clear evidence of mature vascularized tissue generated within the pores after implantation. The stains support our approach of allowing vascular growth to occur throughout the pores where the invading tissue can support vessel assembly. However, the stains also show that a thin layer of inflammatory tissue is present between the hydrogel and vascularized collagen, suggesting that there is a smaller effective pore size available for vascularized tissue formation. Depth of invasion over time was compared across all experimental data (Fig. 8) . There was little mature, vascularized collagen formed within the 41 mm gels, and there was no statistical increase in depth of vessel invasion at any time point. At weeks 1 and 3, both 82 and 135 mm hydrogels had significantly larger depth of vessel invasion than 41 mm ( p < 0.001). The 135 mm group also supported significantly increased vessel invasion relative to 82 mm at 1 and 3 weeks.
Discussion
The agent-based model developed allows investigation of the relationship between the properties of porous scaffolds and angiogenesis. In the presented cases, the pores are considered to be circular-shaped, connected to each other only at the periphery and with a uniform pore distribution (Fig. 2) . However, this model can readily incorporate more complex structures that resemble the irregular porous structure of polymeric scaffolds. While we only considered idealized cases, the model is able to predict the basic behaviors expected from a developing blood vessel network and yields results comparable to experimental findings (Fig. 6 ). For example, it is observed that as pore size increases, the time required to vascularize the entire scaffold is decreased (Fig.  4A) . In experimental studies of angiogenesis in porous scaffolds, results 8 indicated that angiogenesis depends upon the pore size of the material used, and that vessel formation occurs faster and the capillary density is higher in scaffolds whose pore sizes exceed 140 mm.
The results of the control case show blood vessel sprouts growing in the absence of steric limitations of the synthetic polymer structure (Fig. 5A-D) . This condition is analagous to wound healing in which endothelial cells are capable of degrading and invading the extracellular matrix within the space, making the entire region available for vascularization. 38 In general, the control case results in a more rapid angiogenesis (smallest time to reach the center of the scaffold) and a greater number of sprouts compared to angiogenesis in the presence of the scaffold, regardless of pore size.
In our model, angiogenesis takes place in materials that are either nondegradable or slowly-degrading, and hence the pore sizes are considered to be constant at all times. In this case, the scaffold limits the locations to which the tip cells can migrate. This approach assumes that the timescale of degradation of the scaffold was much larger than the time required for vessel invasion. The validity of this assumption depends both on the rate of polymer scaffold degradation and the size of the scaffolds, but is likely reasonable for applications of porous polyanhydrides and polyesters. However, once the polymer starts to degrade, the structure of the formed vessels is likely to be altered further. Future generations of this model will account for the effects of scaffold degradation, resulting in a time varying pore size. It may also be useful to incorporate scaffolds that can be degraded by invading cells, as has been explored in a number of tissue engineering applications. 39 The computational and experimental results can be used to guide the design of porous scaffolds that regulate vascularization. The computational results suggest that with a pore size of 270 mm the rate of vessel invasion can approach that of the control case where there is no steric hindrance due to the polymer structure. At smaller pore sizes the scaffolds introduce steric effects that will significantly slow vessel invasion. At this pore size it is possible that the material could provide signals that promote tissue regeneration with minimal hindrance of vascularizaion. The results show that under these conditions the center (300 mm) of the scaffold will be vascularized in 14 days. Our previous studies have shown that the formation of clinically sized engineered tissues is limited by the rate at which tissues can vascularize. 40 In these clinically sized chambers, 1 cm (10,000 mm) of tissue must be vascularized. These results suggest that vessels would reach that depth in *466 days (1.3 years) . This indicates the significance of the clinical barrier of vascularization to tissue engineering. In future studies we will use the computational and experimental models to examine methods for accelerating vascularization, possibly by sustained delivery of soluble GFs. 9 In summary, we have developed an agent-based model that can be used to investigate angiogenesis in porous polymer scaffolds. To our knowledge, this is the first model used to specifically investigate the role of pore structure in polymer scaffolds on angiogenesis. This model could be used to provide insight into the process of angiogenesis in polymer scaffolds that could be used to guide the design of new therapeutic approaches. Comparison of the model results with results obtained from in vivo experiments shows that model is successful in predicting the behavior of the sprouting blood vessels in such scaffolds.
